The importance of tacrolimus in the treatment of myasthenia gravis (MG) as a substitute for corticosteroid-dependent immunosuppressive therapy is increasing. Thus far, however, no population pharmacokinetic (PopPK) analysis of tacrolimus in treating MG patients has been published. This article aimed to construct a PopPK model of tacrolimus for Chinese MG patients with the goal of improving its performance in MG treatment. A total of 253 trough concentration records were obtained from 83 Chinese MG patients. The effects of demographics, lifestyle and health status, biochemical test data, disease progression and treatment-related information (including co-administered medications) as covariates on the various parameters were investigated. The covariate selection was based on biological plausibility, clinical significance, statistical significance and reduction in inter-individual variability (IIV). Bootstrap and normalized prediction distribution error (NPDE) analysis were performed to validate the final model. A one-compartment PopPK model with first-order elimination and a fixed absorption phase was constructed. The estimated apparent oral clearance (CL/F) and apparent oral volume of distribution (V/F) were 3.6 L/h and 1700 L, respectively, in the MG patients. Hematocrit and blood urea nitrogen were identified as two covariates that significantly influenced the CL/F. Immunoglobulin treatment (PRO) also had the potential to influence V/F, which was consistent with the clinical observations and the high protein-binding property of tacrolimus. Other covariates including age, weight, gender and co-administered medications had no obvious influence on CL/F or V/F. The first PopPK model of tacrolimus in MG patients was established. The identified covariates were of biological plausibility and clinical importance to help individualize the dosing schedule in MG patients.
Introduction
Tacrolimus is a potent immunosuppressant that is used to prevent organ rejection after transplantation. It inhibits T-lymphocyte activation, thereby suppressing humoral immunity [1] . In addition to being a first-line drug in organ rejection treatment, the importance of tacrolimus in the treatment of myasthenia gravis (MG) is also increasing on the basis of its potential capacity to alleviate MG symptoms and to relieve steroid burden [2] . MG is an autoimmune disease for which corticosteroids are the main therapeutic option for immune suppres-# These authors contributed equally to this work. * To whom correspondence should be addressed.
E-mail luwei_pk@bjmu.edu.cn (Wei LU); maping691009@126.com (Ping MA) Received 2016-08-25 Accepted 2016-12-24 sion [3] . However, long-term use of steroids is known to cause severe adverse effects. As a potent immune-suppressant, a low dose of tacrolimus was reported to be effective for steroiddependent MG patients [4] . Therefore, tacrolimus has been approved in Japan for MG patients who have not responded well to prednisolone or have experienced substantial adverse effects from hormone therapies. Later, a randomized, doubleblind, placebo-controlled clinical trial that included 80 patients further confirmed the steroid-sparing effect of tacrolimus at a dose of 3 mg/d [5] . In China, tacrolimus is recommended as an immunosuppressant to replace hormone therapy for the treatment of MG. Because it is a potent immunosuppressant with relatively few side effects, low-dose tacrolimus has become an important therapeutic option for Chinese MG patients. In addition, the empirical therapeutic window for MG in Chinese hospitals is 4-8 ng/mL [6] . The dosing regimen and therapeutic window of tacrolimus for MG patients is very different from those for transplant patients. Previous literature has described some nonlinear PK properties of tacrolimus [7] . Therefore, with a different dosing regimen and patient population, a different PK profile is very likely to occur when tacrolimus is administered to MG patients.
Because tacrolimus is known for its narrow therapeutic window [8] and acute over-dosage of tacrolimus is accompanied by severe side effects [9] , it is important to investigate the drug's PK behaviors in the context of the treatment of MG. A novel approach to achieve this is to exploit the strong predictive capacity of population pharmacokinetic (PopPK) models and routinely collected therapeutic monitoring (TDM) data. Although various population models have been developed for tacrolimus in patients receiving organ transplantation [10] , no PopPK model of tacrolimus focusing on MG patients under such low dose levels has been reported. Therefore, we aimed to construct a PopPK model of tacrolimus for MG patients at a lower dose, with the goal of improving its performance in MG treatment and to optimize the dosing regimen.
Materials and methods

Subjects
This study retrospectively investigated 83 MG patients receiving tacrolimus as a treatment in the General Hospital of PLA Rocket Force, Beijiing, China, from January 2011 to May 2015. All subjects provided written informed consent. The study was approved by the ethics Committee of the General Hospital of PLA Rocket Force. The certificate number is KY2016023. All included subjects had been clinically diagnosed with MG and were currently receiving orally administered tacrolimus as the main immunosuppressant. Pregnant women and sexually active women who were not willing to practice contraception were excluded. We also excluded one individual with highly unlikely dosing records, which were likely due to human errors, and three observation records for one individual in which all the covariate information was missing.
MG treatment and drug therapy
Most patients were admitted to the hospital and discharged several times over the investigated time range. The patients were administered tacrolimus orally during the hospital stays. Once admitted, the patients underwent routine blood tests and biochemical tests for renal function and hepatic function. TDM was performed four days after the initial dose. The doses were then adjusted based on the TDM results and clinical symptoms. Patients were discharged after the disease was under control. Most patients were discharged after one or two rounds of four-day drug administration; ie, most patients had one or two observation points per admission. On average, the patients were admitted for four times over the investigated time range.
Tacrolimus (Prograf ® , FK506) capsules, 0.5 mg (Astellas Ireland Co, Ltd, Killorglin, Co, Kerry, Ireland), was used. The dosing regimens were quite variable. For patients who had no previous tacrolimus dosing records, the initial dose was 1 mg/d for adults and 0.5 mg/d for pediatric patients. For those with previous tacrolimus dosing records, the initial dose was based on those records. Doses were raised or lowered by 0.5 mg/d. All scheduled dosing intervals were 12 h. The actual dosing times varied.
To alleviate MG symptoms, half of tacrolimus dosing events were accompanied by the administration of pyridostigmine. Around 12% of the patients were switching from hormonedependent immunotherapy to tacrolimus-dependent immunotherapy. For those patients, dosing events were accompanied by corticosteroids (prednisone or methylprednisolone). Patients who were co-administered antihypertensive drug or hypoglycemic drugs accounted for less than 5% of the total investigated population. These drugs were therefore not included in the drug drug interactions (DDI) covariate model.
Bioanalytics
The method for determining tacrolimus concentrations in whole-blood samples has been previously reported [11] . Briefly, tacrolimus and the internal standard were extracted from whole blood using acetonitrile and then separated on a Shimpack VP-ODS column (5 μm, 150 mm×4.6 mm). A 20 μL aliquot of the residue was injected into the LC-MS/MS system. The assay was confirmed to be linear over the range of 0.1-25 ng/mL and had a lower limit of quantification of 0.1 ng/mL and a limit of detection of 0.05 ng/mL. With respect to assay precision, the intra-day CV (coefficient of variation) was 3.37% and the inter-day CV was 4.09%. The assay accuracy assessment showed a relative error in the range of -2.99% to 2.23%. The tacrolimus concentrations in the supplementary dataset were measured using the same system.
Covariates
The carefully recorded population information that was subsequently investigated in the covariate model included demographic information, lifestyle information, health status information, lab test results and treatment-related information ( Table 1 ). The demographic information included age (AGe), gender (SeX), weight (WT), and body mass index (BMI). The lifestyle information revealed whether the subjects drank alcohol (ALCO) or smoked cigarettes (TOBA). The health status information indicated whether the subjects had diabetes (DIAB) or hypertension (HYPE). The biochemical test data included the following items: total bilirubin (TBIL), alkaline phosphatase (ALP), aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), serum creatinine (SCR), white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), percent neutrophilic granulocytes (NP), and percent lymphocytes (LP). The treatments that the patients had received, which included thymectomy (THYM) and high-dose intravenous immunoglobulin treatment (PRO), were also investigated as important covariates that could influence the parameters. The disease status (DIAG) was also included as a potential covariate. Osserman and Genkins' modified classification standard [12] divides MG severity into 5 levels (6 subtypes): Class I, Class IIA, Class IIB, Class III, Class IV and Class V. The categorical covariate DIAG was designated 1, 2, 2.5, 3, 4 and 5 for convenience. Since the patients were classified into different subtypes according to clinical symptoms and the difference between adjacent subtypes was unmeasurable, DIAG was included as a categorical covariate instead of a continuous covariate. To investigate potential drug-drug interactions, pyridostigmine and corticosteroids were chosen as two drugs that could potentially influence the PK of tacrolimus. The corresponding dichotomous covariates DDIA and DDIB were assigned the value of 1 if the patients were co-administered pyridostigmine and corticosteroids, respectively; otherwise the value was 0. We performed imputation for 35 missing records of BMI and weight information via the following method. For the individuals whose information was missing for certain admission times but available for other admission times, the imputed missing values were assigned the nearest value available. For individuals for whom there was no information for any admission time, the missing values were imputed as the median value of BMI or weight.
Population model construction
The model was constructed using NONMeM (version 7.2.0, ICON Development Solutions, ellicott, MD, USA), using PsN toolkit 3.7.6 [13] and Piranã version 2.8.1 [14] as the modeling environment. The basic data analysis was performed using the statistical software package R (v3.2.3). The first-order conditional estimation with ε-η interaction (FOCE-I) was used to estimate the parameters including typical population pharmacokinetic parameters, random inter-individual variability in these parameters, and residual variability between observed and predicted concentrations. Correlations between the components of the variability were also tested.
One-and two-compartment models with first-order elimination were fitted to the patients' data. Since the patients' data were not informative regarding the absorption process, the parameters describing absorption were set to the fixed values obtained from the supplementary dataset of healthy volunteers, assuming a similar absorption process. The rationale of fixing the absorption process is further described in the discussion section. The inter-individual variability (IIV) for all parameters was modeled using exponential variance models. A constant coefficient of variation (CCV) error model, an additive model and mixed model were included successively to try to describe the residual variability.
To perform covariate analysis, we considered the four main criteria proposed by Duffull and his colleagues: (1) biological plausibility, (2) clinical significance, (3) statistical significance (eg, from a likelihood ratio test) and (4) a reduction in IIV [15] . Therefore, we first calculated the statistical significance via a likelihood ratio test (LRT) and IIV reduction after one covariate was added into the model. After statistical calculation, we obtained a full model with several covariates; we then manually excluded those that were biologically irrelevant to the PK process or clinically inapplicable. Statistical analysis was automatically performed using the SCM function in PsN toolkit 3.7.6, through which all the covariates mentioned above were screened in a stepwise manner that included the processes of forward inclusion and backward elimination. The statistical effects of the covariates were evaluated using the difference in the OFV. A difference greater than 3.84 (P<0.05, df=1) in forward inclusion and larger than 6.64 (P<0.01, df=1) in backward elimination was considered significant. During the modeling, the categorical covariates were transformed into several flag dichotomous covariates. The influence of continuous covariates and that of dichotomous covariates on various parameters were included via the power model described by equation 1 and the shift model described in equation 2, respectively, where P i represents a parameter of the ith subject; θ TV represents the typical value of the parameter; Covariate i represents the value of the covariate for the ith subject; Covariate Median represents the median value of one covariate; η i represents the individual value of the parameter's IIV effect and θ COV is the parameter to be estimated in the covariate model.
Model selection and evaluation
Model selection was based on several criteria, including OFV, goodness-of-fit (GOF) diagnostic plots and the precision of the parameter estimates. The GOF diagnostic plots included the observations (OBS) versus individual predictions (IPReD), OBS versus population predictions (PReD), conditional weighted residuals (CWReS) versus PReD and CWReS versus time since the last dose (TSLD). The precision of the parameter estimates was described as the percent relative standard error (%RSe). To further evaluate the parameter precision and stability, a non-parametric bootstrap analysis was conducted, during which the model was fitted to 1000 resampled datasets. To evaluate the model's predictive performance, a normalized prediction distribution errors (NPDe) test was also performed. For NPDe, 3000 simulations were performed for each observation based on the final model, then the NPDE value for each observation was calculated. The distribution of NPDes is expected to follow a standard normal distribution if the final model is appropriate. The simulation was performed in NONMeM, and three statistical tests were performed using the add-on R package NPDe (v2.0) [16] to test the null hypothesis.
Results
Data for analysis
The tacrolimus whole-blood concentration data (253 observations) and patients' basic information were available for a total of 83 MG patients ( Table 1) . The whole-blood concentrationtime curves of tacrolimus are presented in Figure 1 . Since the dosing regimen and sample collection schedule were highly variable, both time since the first dose (TSFD) ( Figure 1A , 1B) and time since the last dose (TSLD) ( Figure 1C, 1D) were used as the x-axes. The tacrolimus concentrations were normalized to the accumulated dose (mg) before sample collection. The dataset used to supplement the absorption phase is shown in the supplementary information (Supplementary Figure S1 ).
Population pharmacokinetic model
The MG patients' data were best described by a onecompartment model with first-order elimination and absorption. Although tacrolimus is usually modeled using a twocompartment model [7] , this model failed to converge due to a limited number of observations. Therefore, the one- (Table 2) . After automatic forward inclusion and backward elimination, HCT, LP and BUN on CL/F were included as statistically significant covariates (Table 3) . We then investigated the biological plausibility and clinical importance of these Table 2 .
There was a correlation between the variability of CL/F and V/F in the base model. However, this correlation disappeared after the inclusion of covariates, possibly because the correlation was explained by the addition of covariates [17] . The results of non-parametric bootstrap analysis are presented in Table 2 . In the bootstrap procedure, the percentage of successful minimization rate was 99%. The pharmacokinetic parameters from the final population model were all included in the 90% confidence interval (CI) of the bootstrap procedure. The bootstrap procedure proved the model parameters' reliability and stability.
The goodness-of-fit plots of the final model showed a good fit to most of the data and no obvious bias (Figure 2 ). Although some under-predictions for the high concentration points were observed ( Figure 2B, 2C) , the plot of the conditional weighted residuals (CWReS) versus time since last dose (TSLD) ( Figure 2D ) was symmetrical, and the absolute values of CWReS were almost all within 3 units, which indicated a good fit of the model to the data. Additional model validation was conducted using the NPDe test (Figure 3 ). Statistical evaluation of the NPDe distribution showed that the mean of the NPDE was not significantly different from 0 (Wilcoxon signed rank test, P=0.59), the variance was not significantly different from 1 (Fisher test, P=0.0563) and the NPDe distribution was not significantly different from a normal distribution (Shapiro-Wilks test of normality, P=0.609), thereby confirming that the model adequately described the observed data. No trends were visible for the NPDe versus time ( Figure 3C ) or the predicted concentration ( Figure 3D ). The NPDe test confirmed the good predictive performance of the final model.
Discussion
The pharmacokinetic behavior of tacrolimus in MG patients was described using a population model that consisted of a one-compartment model with first-order elimination and a fixed absorption phase. Although tacrolimus is usually modeled as a two-compartment model [7] , this model failed to converge due to the limited informative nature of the dataset. Given that the two-compartment model can be simplified to a one-compartment model by integrating the central compartment and the peripheral compartment, the one-compartment model was ultimately used to describe the drug's pharma- cokinetic behaviors. Since tacrolimus is used as a long-term medication and its half-life is more than ten-fold longer than the peak time, the elimination phase of the drug is of greater clinical importance than the distribution phase. In addition, although we fixed the absorption phase, a previous methodological study reported that the misspecification of absorption process has little effect on the estimation of subsequent parameters in the one-compartment model [18] . Therefore, the population pharmacokinetic study presented here is appropriate and of clinical importance.
The elimination process deserves the most attention. Compared with other PopPK analysis of tacrolimus in various subpopulations using the same structural model and quantification method, the clearance of tacrolimus in the MG patients appeared to be lower than that in liver transplant patients [19] , kidney transplant recipients [20] and even healthy volunteers [9] ( Table 4) . Although inaccuracy in the calculation of the clearance due to the limitation of sparse data is a possible explanation, our team managed to identify some clues to another physiologically possible explanation. A previous study confirmed the weakness of the myocardium in some MG patients via clinical indications, eCG, vectorcardiography and autopsy data [21] . Further studies demonstrated that the striated cardiac muscle could be a target for an immune attack manifesting as heart failure, arrhythmia, and sudden death [22] . In addition, a prospective clinical study at Johns Hopkins Hospital indicated that patients with heart failure had a significantly lower clearance of lidocaine than patients without heart failure [23] . The reduced blood flow in the eliminating organs was probably the cause of the lower clearance value in the heart failure patients. Therefore, we inferred that the lower CL/F value in MG patients could be attributed to reduced blood flow in the eliminating organs due to myocardial fatigue in that population.
Hematocrit (HCT) was the most commonly included covariate on CL/F according to the previously published PopPK analysis of tacrolimus [7] . Because tacrolimus has a strong association with erythrocytes, it is logical to expect that hematocrit influences drug clearance. Blood urea nitrogen (BUN) is a conventional value to express the urea level in blood. Reidenberg and his colleagues reported that unbound drug (diphenylhydantoin) levels in plasma were positively correlated with individual BUN values [24] . Subsequently, decreased binding in uremic (high BUN value) plasma has been demonstrated for several other drugs [25] . Later, a possible molecular mechanism for this phenomenon was published: blood urea was believed to promote protein carbamylation [26, 27] , which was reported to increase the free drug level [28] . Considering that the protein binding ratio of tacrolimus is approximately 99%, it is reasonable to expect more unbound tacrolimus to be present in the plasma of the patients with higher BUN values. In this way, it is physiologically plausible that clearance will increase as a function of the blood urea level.
In addition to the two important covariates mentioned above, the most frequently prescribed medicine for the treatment of MG, pyridostigmine, was evaluated as a covariate, and this drug showed no significant influence on the PK behavior of tacrolimus in this study. In addition, in patients who were switching from hormone therapy to tacrolimus, corticosteroids did not affect the drug's PK. This result may further simplify the administration of tacrolimus in MG management.
Another interesting result from the covariate screening was the effect of high-dose intravenous immunoglobulin treatment (PRO) on the V/F. Although the inclusion of PRO as a covariate led to a reduction of only 5.9 units in OFV (P=0.015, chisquared test), which failed to meet the criterion for backward elimination, the OFV reduction did indicate some effect of PRO on V/F. This phenomenon further confirmed the high protein-binding property of tacrolimus. However, the frequency of PRO as a covariate was only 7.9% (Table 1) . When the frequency of a covariate is low (<10%), the type I error can be inflated, which makes it difficult to determine the significance via the likelihood ratio test. The significance of PRO as a covariate on V/F may be greater than that calculated in this study [29] . In addition, patients whose tacrolimus administration was accompanied by the PRO treatment demonstrated a significantly higher dose-normalized concentration (P=0.01078, t-test) compared with those who did not receive the PRO treatment (Figure 4 ). This clinical observation may suggest a different pharmacokinetic behavior in PRO-treated patients. Therefore, PRO has a potential to become an influential covariate on V/F.
Because the age span of the study cohort was large, we paid specific attention to the covariate AGe. Based on the final model, the pediatric group (AGe<16 years) and non-pediatric group (AGe≥16 years) had significantly different CL/F values (Table 5 ). However, we have tried to add AGe as a continuous covariate and age group as a categorical covariate in the models for CL/F and V/F. None of the models produced a significant decrease in OFV (dOFV<2). In addition, none of them produced a better GOF plot than that produced by the original model. This result may be attributable to the low number of individuals in the pediatric group. Specifically, adults accounted for 75% of the total 253 observation points.
Although we evaluated a large number of covariates, data for the genetic polymorphisms of the CYP enzymes were not collected. We attempted to model the influence of polymorphisms using a mixture model, but the estimated parameters were unstable and near the boundary of zero. Therefore, we decided to abandon the mixture model. The failure to include genetic polymorphisms was one possible cause of the IIV in our model. A future study may evaluate the influence of genetic polymorphisms.
In conclusion, this was the first PopPK study of tacrolimus in MG patients. We demonstrated that MG patients had a lower clearance rate than that in other subpopulations. We further identified HCT (hematocrit) and BUN (blood urea nitrogen) as two important covariates and PRO (high-dose intravenous immunoglobulin treatment) as a potential covariate. Given the emerging role of tacrolimus in the treatment of MG, this study serves as a useful reference for physicians in determining an individual-specific dosing regimen. 
